We report a first-principles study on ethyl acetate neutral hydrolysis in which we focus on the activation energy variation resulting from the conformational effect in the transition state. We use the conformers of ethyl formate, ethyl acetate, ethyl fluoroacetate, and ethyl chloroacetate as the ester models and one water molecule with a one-step reaction mechanism. We also consider the long-range interaction and the surrounding water in the form of PCM. Our results show that the various conformers yield a significant range of activation energy. Moreover, the gauche conformer has lower activation energy than the trans conformer. The activation energy in its own right is lowered by the halogen atoms. Finally, we remark that the long-range correction and PCM stabilize the transition state geometry but raise the activation energy.
Introduction
It is commonly known that neutral hydrolysis of an ester is generally slow. For instance, the rate constants (in 1/s) of methyl acetate and ethyl acetate are an order of 10 −9 [1] and 10 −10 [2] respectively. An ester (R CO 2 R ′ ) with a long chain also has low rate constant such as achetylcholine [R=CH 3 , R ′ =C 2 H 4 N + (CH 3 ) 3 ] with a rate constant of an order of 10 −9 [3] . The rate constant is higher when halogenated substitution is introduced to the ester. For instance, the alkyl-and arylsubstituted trifluoroacetates (with R ′ =C n H 2n+1 , = 3, 4, and 5) has an order of 10 −6 [4] , chloromethyl chloroacetate has an order of 10 −5 [5] , while ethyl trifluorothiolacetate (CF 3 COSC 2 H 5 ) has a rate constant with an order of 10 −3 [6] . Even though it is slow, the neutral hydrolysis is part of the measured rate constant. The measured rate constant, m , is (i) Isolated reactant is state 1a; Transition State (TS) is state 1b; isolated product is state 1c.
(ii) Abbreviation Et, W, and Ca are used as molecule names throughout the manuscript.
Scheme 1.
The one-step reaction model in this study.
Table 1
Selected ester models based on Scheme 1. The R ′ -group is always C 2 H 5 .
R Ester (Label) Reaction product H E t h y l f o r m a t e ( E t 1 ) C a 1 + Ethanol CH 3 Ethyl acetate (Et2) Ca2 + Ethanol CH 2 F Ethyl fluoroacetate (Et3) Ca3 + Ethanol CH 2 Cl
Ethyl chloroacetate (Et4) Ca4 + Ethanol a bifunctional acid-base catalyst [10, 11, 12, 13] , to model the aqueous as a reaction field [14, 15] , or to combine both methods [8, 16] . The study of neutral hydrolysis of an ester becomes interesting. It can be a model for acomputational study of the cholinergic hypothesis. The hypothesis involves the depletion of acetylcholine molecules that may lead to Alzheimer's disease [17, 18] . Acetylcholine belongs to the ester family and has conformers [19, 20, 21, 22, 23] . The conformation affects its stability and activity [24, 25, 26, 27] .
In this article, we report our finding on the conformational effect of the ester neutral hydrolysis. All aforementioned theoretical studies showed the importance of a transition state, but none has explored the different arrangement of atoms in the transition states. It is because most theoretical studies so far concern on the methyl acetate family as the ester models, hence no conformer in the transition state. A conformer is likely to exist in an ester with an R or R ′ group that has two or more C atoms, such as ethyl acetate. There are two previous works on ethyl acetate (the trans conformer) neutral hydrolysis, which are reported by Schmeer and Sturm [12] and Yamabe et al. [14] . The former used two H 2 O molecules, one of which served as the nucleophilic reagent and the other as the acid-base catalyst, and was calculated with Hatree-Fock method. The later used one H 2 O molecule and considered Onsager's model as the water surrounding and was calculated with density functional theory method. However, no conformational effect has been reported. To see the variation of conformational effect, we study conformers of four molecule from the ethyl acetate family: ethyl formate, ethyl acetate, ethyl fluoroacetate, and ethyl chloroacetate as the ester models. We also consider the long-range interaction and surrounding water as solvent effect.
Methods
Reaction model. We carry out the one-step mechanism to model the neutral hydrolysis as shown in Scheme 1. We use four ester models as listed in Table 1 and notations in Table 2 .
The one-step mechanism is argued by Shi et al. [9] as favored if tetrahedal intermediates have a short lifetime and do not interconvert prior to breakdown. The one-step mechanism ensures one saddle point between an initial state (1a) and a final state (1c) since our concern is on the conformational effect at the saddle point (transition state, 1b). As da Silva et al. [8] reported, the usual method for searching state 1b may not work for this kind of study; therefore, we take a great care in ensuring that the saddle point is computationally correct.
DFT calculations. We perform the ground state calculation routines on the basis of density functional theory (DFT) [28, 29] and 6-311++G(d,p) basis set that are integrated into the Gaussian 09 software 
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ratio of maximum and minimum ( ) [30] . For the exchange-correlation functional, we employ B3LYP [31] and CAM-B3LYP [32] which have been integrated into the software as well. The former has provided good prediction in our previous studies on molecular orbital interaction problems [33, 34, 35, 36] , excitation in solvent problems [37, 38] , and reaction path coordinate to calculate the tunneling probability [39, 40, 41] . Meanwhile, the latter is needed to consider the correction of the long-range interaction in states 1a, 1b, and 1c. We consider the surrounding water as a perturbation to the systems of interest such that we can couple the DFT calculation with the polarized continuum model (PCM) calculation [42] , which is also integrated into the software. We use notations in Table 2 to simplify the writing of the exchange-correlation functionals and PCM coupling calculations.
The Transition State Searching. We set up four steps, with the first three aiming to determine the correct geometry of [Et-W] complex in the transition state (state 1b in Scheme 1).
Step one is to determine the electrophilic site where the water molecule may attack. We analyze the charge population by using NBO program [43] which is integrated into the Gaussian 09 software.
Step two is to calculate the potential energy surface (PES) in the plane where the electrophilic site lies (see Fig. 1a ). This is done by using partial optimization calculations where the distance of oxygen atom of water and the electrophilic site is fixed. The PES result provides a guide to construct the geometry of TS which becomes the input for step three: to perform TS optimization to predict the geometry of 1b, which is then followed by the intrinsic reaction coordinate (IRC) calculations. The correct TS geometries require one imaginary frequency to indicate that they are in the saddle point.
Step four is to optimize the geometries at two minima predicted by IRC calculations to confirm the molecular geometry in state 1a and 1c.
We perform the first three steps with XC1g. Once the geometry of transition state is determined (see Fig. 1b ), we repeat step 3 and 4 with XC2g, XC1s, and XC2s.
Possible Transition State Conformers. Fig. 1-3 show the nomenclature we use throughout the manuscript. There are two configurations to form a conformer. First is the R ′ part of the ester: C3 position with respect (2) is for gauche conformation with respect to the position of C3. One H atom bound to C2 and three H atoms bound to C4 are shown to give the illustration the correct perspective. The eclipse conformation is defined when "X" is at "a", "b", or "c"; while in staggered ones are at "d", "e", or "f".
to C2-O1-C1 plane, which are (1) trans and (2) gauche ( Fig. 1 and 2) . Second is the R part of the ester: Orientation of "X" with respect to O (Fig. 3 ) which gives eclipsed ("a", "b", or "c") and staggered ("d", "e", or "f"). Based on these two configurations, we construct conformers of [Et-W] complex at state 1b, along with their corresponding molecules at state 1a and 1c.
For simplicity, we use the following notation "molecule label(R ′ -R configuration)". For examples: Et2(1-a) is ethyl acetate with a trans R ′ and a staggered R conformation; Ct2 (2) is acetic acid with a gauche conformation , Et3(2-d) is ethyl fluoroacetate with a gauche R ′ and an eclipsed R conformation where F atom is at "d".
Chemical Kinetic Calculations. Our interest quantity is the activation energy. The activation energy is expressed in term of the standard Gibbs activation energy, Δ ‡ • that is the total energy difference between state 1b and 1a. The total energy of a state is the total electronic energy with a correction from Gibbs free energy. The former is the results of DFT calculations while the latter is the results of force constant calculations which is integrated into the software. We extend the usefulness of Δ ‡ • to calculate the rate constant ( ) based on the transition-state theory [44] ,
with , ℎ, are the constant of Boltzmann, Planck, and molar gas, • is the molecule's concentration from the reactant to the transition state (which we assume to be 1), and is the temperature (which we assume to be the room temperature, 298.15 K).
Results and discussion

On the ground state structures
The effect of long-range correction. We use Et2(1-a), W, Ca2(1), and ethanol to investigate the effect of the long-range correction on their ground state structures. The reason is that these molecules are experimentally well studied. Table 3 resumes geometrical parameters from the experiment and our DFT calculations (gas phase). The important value here is the percentage error with respect to the experimental value (err.). The error in general is about less than 1% which corresponds to an order of 10 −3 Å or 0.1 • . This implies both exchange-correlation functionals are excellent to study the ground state structures of the molecules of interest. Table 4 lists the charge population at some selected atoms. The number of charges does not change significantly after the long-range correction is applied to the calculation. Since the charge population is directly related to the electronic structures of the molecule, the long-range correction does not significantly change the geometrical and electronic structures of the molecule of interest. Therefore, we can conclude that the electrophilic site clearly is at C1 for all exchange correlation functional cases. A water molecule, which has a nucleophilic site at its O3 atom, favorably attacks C1 atom. This makes the starting point of the hydrolysis mechanism shares similarity with that of base-induced ester hydrolysis (Fig. 1a) . This analysis becomes our bases on selecting the PES calculation, which we carry in -plane where O1, C1, and O3 atoms lie. Fig. 4 shows the PES calculations where the expected entrance of water molecule is at ( , ) = (1.0, 0.0) and it has the highest barrier.
We also present the charge population at C1 and C4 for all esters in Table 5 . These two atoms are close to halogen atom in Et3 and Et4. The long-range correction does not change significantly for the charge population at C4, but it does at C1 in Et3 molecules. The Δ 21 (C1) average is 0.033 e hence it makes the trend linear: the heavier halogen atom at C4, the more negative the C1 and the more positive the C4. This trend is understandable by considering that (1) the electronegativity of F and Cl (Et3 and Et4, respectively) is higher than C (Et2) and (2) the valence electrons of F is 2p while those of Cl is 3p.
The significant difference between XC1g and XC2g is the calculated total electronic energy ( ). Fig. 5 shows the energy level diagram of four molecules in Table 3 . The diagrams clearly show that the longrange correction consistently increases . Except water (Fig. 5b) , increases more than 2 eV; it is almost 4 eV in the case of Et2 (Fig. 5a ). Table 4 The charge population (in unit e) at selected atoms in ground state from NBO calculations. While our results show the dominance of the long-range interaction in the individual molecule, the increasing compensates each other, hence the net energy of the product and the reactant (reaction energy) is relatively constant. The reaction energy is +0.08 eV and +0.10 eV from XC1g and XC2g calculations, respectively. The long-range correction insignificantly raises the value by 0.02 eV.
The effect of surrounding water. We also provide the results of DFT coupled with PCM in Table 3 (geometry), Table 4 (charge population), and Fig. 5 (level energy diagram) . The geometry does not change (most values of err. are less than 0.5%) with respect to the calculation in the gas phase. The number of charge changes at some atoms by an order of 10 −2 e and this is significantly changes the frontier molecular orbital wave functions as we have encountered in our previous studies [37, 38] . The perturbation from surrounding waters stabilizes the individual molecule in such a way that the net energy does not change. The reaction energy is 0.10 eV and 0.12 eV with XC1s and XC2s, respectively. The long-range correction improves the value by 0.02 eV, which is exactly the same value in the gas phase case. 
On the transition state structure
The typical optimized geometry of [Et-W] complex at the saddle point is presented in Fig. 1b . All results have one imaginary frequency as it is required for a TS structure. All imaginary frequencies belong to the normal mode involving the motion of H1 between O2 and O3. The geometry provides us some possible conformers of the [ Fig. 1b is indeed the typical geometry at state 1b. (Fig. 5) , the results show a tendency of XC1s significantly affecting molecules with C O bond. It explains qualitatively as to how XC1s raises of ethyl acetate almost twice as much as the acetic acid and ethanol (see Fig. 5 ): ethyl acetate has two C O bonds, acetic acid has one O C O, and ethanol only has one C O.
We extend the discussion on [Et2-W] geometry in the transition state. Our results are comparable with the work of Yamabe et al. [14] . Table 10 resumes the comparison between these two works. Overall, our results are far from the results of [14] . In the water surrounding model, it is clear that PCM and Onsager's model yields a significant difference in geometry. The difference can be understood as follows. Both PCM and Onsager's model create a cavity to simulate the reaction field, but the method to make the cavity is completely different.
On the conformational effect
We evaluate the conformational effect on geometry based on the value of range in Table 6 , 7, 8, and 9. The wider the range means the more significant the conformer variation of the complex. In our case, the overall range is in an order of 10 −2 Å. Furthermore, we find two trends. First, the range is wider in the presence of a halogen atom (Et3 and Et4). Second, the long-range correction and the surrounding water significantly affect the ranges of 1 and 2 of [Et1-W] and [Et2-W]. These two trends imply that the conformer of ethyl acetate has a significant effect when it is forming a complex with water in the transition state. Accordingly, the figure 10 −2 Å is a significant range for this study.
The difference in geometry directly affects the activation energy (Δ ‡ • ) as displayed in Table 11 . We highlight three points from the table as follows.
First of all, there is a general trend of Δ ‡ • in the presence of the halogen atom in esters. This result is consistent with the charge population at C1 of ester in the ground state (Table 5 ) and 3 (Table 6 ). Charge population at C1 is more negative in the presence of halogen atom (Et2 versus Et3 and Et4), so it provides more charges to form a (1b) , to the left is the initial state (1a) and to the right is the final state (1c). The energy reference is the 1a of each system, so the height corresponds to the energy barrier of each reaction with as the difference in energy barrier between two different conformers. (Table 11 lists the complete value of energy barrier for all reactions of interest.) covalent bond with O3 from H 2 O (shorter 3 ). The elongation of 1 (Table 6 ) supports the C1-O3 bonding formation and directly determines the value of Δ ‡ • . There is an exception in "d" conformation, where 1 is shorter, making the Δ ‡ • higher than the other conformations. However, the overall trend is the presence of a halogen atom lowers Δ ‡ • , which corresponds to the higher ( ). This is in line with other esters [4, 5, 6 ] as mentioned in the introduction. Furthermore, a heavier halogen atom raises ( ) which agrees with the result by Schmeer and Sturm [12] . This part of results is important in our study because it justifies our calculation method.
Secondly, a comparison among results in the table shows the effect of the long-range correction and the surrounding water. The former's effect alone (err. 21 ) is less than 1% on average, while the latter's effect (err. sg ) is more than 7% on average. Even though err. 21 in this work is insignificant, the exchange-correlation functional is still an important factor. As we see in Schmeer and Sturm [12] , the use of Hatree- 47.90 kcal/mol. The difference in Δ ‡ • is expected since the geometry is also different (see Table 10 ).
Lastly, the range of Δ ‡ • displays the effect of conformation. In XC1g, the range is 0.72, 1.07, 2.64, and 3.47 kcal/mol for Et1, Et2, Et3, and Et4 case, respectively. These figures give a significant ratio between the highest and the lowest ( ) of each case. Since ( ) is an exponential function of negative Δ ‡ • [see Equation (1)], 0.72 kcal/mol (in gas phase) corresponds to 3 times increment of the rate con- Table 9 Distance of O2-H1 in the transition state ( 4 , in Å). Here err. is the error percentage with respect to the value from Ref. [14] . Table 12 tabulates these results and clarifies the effect of conformation. Overall, the long-range correction and the surrounding water narrow the range, but the figures are still significant. Meanwhile, the gauche conformation has the highest ( ) and the halogen atom prefers in "e" position (staggered conformation, see Fig. 3 ).
Conclusion
We have reported the conformation in transition state significantly affects the activation energy of ethyl acetate neutral hydrolysis. The gauche conformers tend to have higher rate constant than the trans ones. This leads to the significant ratio between the lowest and the highest rate constant: from 3 to 350 times, or from 4 to 145 times after long-range correction (all in the gas phase). We argued that one must take the conformers into the consideration to study the ester neutral hydrolysis. Furthermore, the halogenated ethyl acetate has higher rate constant and the halogen atom prefers in the staggered conformation. The halogenation effect from our calculations is in agreement with experimental data for other ester variant. Finally, we also presented the long-range interaction and PCM to model the surrounding water stabilize the transition state geometry but raise the activation energy from 5.5% to 8.1%.
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